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Hair follicles undergo repeated cycles of growth
and regression, throughout the entire life of the
organism. These dynamic changes require closely
co-ordinated regulation of gene expression. The
CCAAT/enhancer-binding proteins are a family of
basic region/leucine zipper transcription factors that
regulate gene transcription in various tissues. They
have been implicated in epidermal differentiation
and may therefore play an important role in the hair
follicle. We have investigated the localization of four
members of this family ± CCAAT/enhancer-binding
protein-a, -b, and -d, and Gadd153 ± in both human
and murine hair follicles by immunohistochemistry.
Furthermore, we examined CCAAT/enhancer-bind-
ing protein-a, -b, and -d immunoreactivity at differ-
ent stages of the depilation-induced murine hair
growth cycle. Distinct immunoreactivity patterns for
CCAAT/enhancer-binding protein-a, -b, and -d,
and Gadd153 were observed in the outer root sheath,
sebaceous gland, dermal papilla, and connective
tissue sheath of human anagen hair follicles. In
murine follicles, CCAAT/enhancer-binding protein-
a was expressed in the outer root sheath, sebaceous
gland, and dermal papilla, whereas CCAAT/enhan-
cer-binding protein-b expression was con®ned to the
matrix, sebaceous gland, and inner and outer root
sheaths. Both CCAAT/enhancer-binding protein-a
and -b were upregulated during anagen, then down-
regulated in catagen follicles. In contrast, CCAAT/
enhancer-binding protein-d showed no hair cycle-
dependent variation in immunoreactivity. These data
suggests that the expression of CCAAT/enhancer-
binding protein-a and -b may, in turn, play a part in
regulating hair cycle-dependent gene expression.
Moreover, as CCAAT/enhancer-binding protein-a,
-b, and -d are crucial in the regulation of adipocyte
differentiation and lipid metabolism, their expression
in sebocytes suggests they may also play a similar
role in differentiation and lipid metabolism of
the sebaceous gland. Key words: C/EBP/hair cycle/
immunohistochemistry/sebaceous gland. J Invest Dermatol
118:17±24, 2002
T
he hair growth cycle is characterized by distinct stages
of active growth (anagen), apoptosis-driven regression
(catagen) and relative quiescence (telogen) (reviewed
in Stenn and Paus, 2001). To achieve this cyclical
remodeling requires tightly co-ordinated cell pro-
liferation, migration, differentiation, and apoptosis. Many factors
have been implicated in modulating these processes in the hair
follicle (reviewed in Danilenko et al, 1996), but the way in which
these events are controlled at the level of transcription remains to be
understood.
Members of the CCAAT/enhancer-binding protein (C/EBP)
family of transcription factors have a high degree of amino acid
sequence and structural similarity and are members of the basic
region/leucine zipper class of transcription factors. At least seven
C/EBP family members are known: C/EBPa (the ®rst member to
be identi®ed), C/EBPb (also called NF-IL6), C/EBPd (also called
NF-IL6b), C/EBPg, CRP1, d/CEBP, and Gadd153 (also called
CHOP) (for a review see Lekstrom-Himes and Xanthopoulos,
1998). C/EBP can homodimerize and/or heterodimerize with
each other to facilitate sequence speci®c DNA binding. C/EBP
bind to the consensus sequence 5¢-A/GTTNNGC/TAAC/T-3¢
(Akira et al, 1990; Osada et al, 1996; Ubeda et al, 1996) found in
the promoters of target genes and in¯uence transcription from them
(reviewed in Takiguchi, 1998). C/EBPs are expressed in a tissue-
and stage-speci®c manner and have been implicated in cellular
differentiation in a number of tissues (reviewed in Lekstrom-Himes
and Xanthopoulos, 1998). In particular, correct temporal expres-
sion of C/EBPa, C/EBPb, and C/EBPd is crucial in the
differentiation program of adipocytes (reviewed in Darlington et
al, 1998).
C/EBPa, C/EBPb, C/EBPd, and Gadd153 have previously
been found in the epidermis and implicated in keratinocyte
differentiation and growth arrest (Swart et al, 1997; Maytin and
Habener, 1998; Oh and Smart, 1998; Maytin et al, 1999; Zhu et al,
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1999). C/EBPa and C/EBPb in particular have been demonstrated
to upregulate the expression of early differentiation markers
keratins 1 and 10 in the epidermis of mice (Maytin et al, 1999;
Zhu et al, 1999). Although C/EBPb has previously been detected
in murine hair follicles (Maytin and Habener, 1998), there has been
no detailed analysis of C/EBP expression in the hair follicle.
We have therefore compared the immunoreactivity patterns of
C/EBPa, C/EBPb, C/EBPd, and Gadd153 in human and murine
anagen hair follicles. Moreover, to determine whether temporal
changes in C/EBP expression occur in the hair follicle, we have
investigated the distribution of C/EBPa, C/EBPb, and C/EBPd at
key stages of the murine hair growth cycle.
MATERIALS AND METHODS
Tissue preparation
Human skin Experiments were carried out on redundant hair-bearing
human scalp skin, obtained from patients undergoing facelift operations
(ethical committee permission was given). Upon removal, small pieces
of skin (approximately 0.8 3 0.8 3 1.0 cm) were snap frozen in
liquid nitrogen. Frozen skin pieces were later mounted in Cryo-M-Bed
(Bright, Huntingdon, UK) and 6 mm thick sections cut on a cryostat at
±25°C. Sections were thaw mounted on to 3-aminopropyltriethoxy-
silane-coated glass slides and air-dried for 30 min, before storage at
±80°C until required.
Mouse skin Six to eight week old female C57BL/6 mice (purchased
from Charles River, Sulzfeld, Germany), were housed in community
cages and fed water and mouse chow ad libitum. To induce anagen in
pelage hair follicles, the back skin of mice was depilated when hair
follicles were in telogen as previously described (Paus et al, 1990). Mice
were killed on the following days after depilation to obtain skin at
different stages of the cycle: day 1 (anagen I), 5 (anagen III), 12 (anagen
VI), 17 (catagen III), 18 (catagen V), and 19 (catagen VI) skin was
studied. Dorsal skin was snap-frozen and embedded in Cryo-M-Bed
(Bright) and sectioned as previously described (Paus et al, 1999). As
controls, anagen mouse skin from C/EBPb±/± mice (Screpanti et al,
1995; Tanaka et al, 1997) and C/EBPd±/± mice (Tanaka et al, 1997)
were also sectioned and studied. All sections were ®xed in ice-cold
acetone for 10 min, before storage at ±80°C.
Immunohistochemistry For human skin sections, rabbit polyclonal
antibodies raised speci®cally against C/EBPa (14AA), C/EBPb (C-19),
C/EBPd (M-17), and Gadd153 (R-20) were used (Santa Cruz
Biotechnology, Santa Cruz, CA). Nonspeci®c staining was minimized by
treating sections for 20 min with normal swine serum (Dako,
Cambridge, U.K.). Primary antibodies were diluted in buffer A [0.2%
bovine serum albumin in phosphate-buffered saline (PBS) at pH 7.6] at
the following dilutions: C/EBPa (1:200), C/EBPb (1:100), C/EBPd
(1:100), and Gadd153 (1:50), and incubated overnight at 4°C. Sections
were washed for 15 min with three changes of PBS and incubated for
45 min at room temperature with biotinylated swine-anti-rabbit
secondary antibody (Dako) diluted 1:100 in buffer A. Following further
washes in PBS, sections were incubated for 30 min at room temperature
with streptavidin±¯uorescein isothiocyanate (Dako), diluted 1:100 in
buffer A. PBS washes were repeated, sections were counterstained for
30 s with 2 mg propidium iodide per ml, washed brie¯y in PBS, and
mounted in Immunomount (Shandon, Pittsburgh, PA). Control
experiments were carried out in which the primary antibody was
preincubated with its respective blocking peptide.
For murine skin sections, rabbit polyclonal antibodies against C/EBPa
(14AA), C/EBPb (C-19), C/EBPd (C-22), and Gadd153 (R-20) were
used (Santa Cruz Biotechnology). Nonspeci®c staining was minimized by
treating sections for 20 min with normal goat serum (Dako). Primary
antibodies (diluted in 1% normal goat serum in PBS, with 0.3% triton)
were used at the following dilutions: C/EBPa (1:200), C/EBPb (1:100),
C/EBPd (1:50), and Gadd153 (1:400), and incubated overnight at room
temperature. Sections were washed for 20 min, with three changes of
PBS, before incubation for 45 min at 37°C with goat anti-rabbit
immunoglobulin±¯uorescein isothiocyanate conjugated antibody (Dako)
diluted 1:200. Sections were washed as before then counterstained with
2 mg propidium iodide per ml for 30 s, washed brie¯y in PBS and
mounted in Immunomount (Shandon). Blocking peptide control experi-
ments were also performed.
RESULTS
C/EBPa, C/EBPb, and C/EBPd immunoreactivity is
restricted to speci®c compartments of the human anagen
hair follicle The distribution of C/EBPa, C/EBPb, C/EBPd,
and Gadd153 expression in human anagen hair follicles is shown in
Fig 1 and summarized in Table I. We detected contrasting
immunoreactivity patterns for each of the C/EBP family
members in the outer root sheath (ORS), sebaceous gland (SG),
dermal papilla (DP), and connective tissue sheath (CTS) of the hair
follicle.
The C/EBPa immunoreactivity pattern within speci®c regions
of the anagen hair follicle is shown in Fig 1(a, e, i, m). In the
interfollicular epidermis and infundibulum, C/EBPa immuno-
reactivity was predominantly cytoplasmic and in all epithelial layers
(Fig 1a). In contrast, in ORS below the SG duct (including the
so-called bulge region) intense C/EBPa immunoreactivity was
con®ned to the cytoplasm of cells in the basal layer (Fig 1e, see
arrowheads), whereas very weak nuclear staining was observed in
suprabasal cells (Fig 1e). In the follicle bulb, C/EBPa was detected
in the ORS with weaker immunoreactivity in the DP and CTS
cells close to the stalk of the DP, whereas the hair matrix was very
weakly positive (Fig 1i). Intense immuno¯uorescence for C/EBPa
was also detected in the nuclei of sebocytes within the SG
(Fig 1m). The localization of C/EBPb immunoreactivity in the
anagen hair follicle is shown in Fig 1(b, f, j, n). Weak cytoplasmic
C/EBPb immunoreactivity was observed in basal layers of the
interfollicular epidermis and ORS. In suprabasal cells, there was a
gradient of nuclear C/EBPb expression increasing from the least to
the most differentiated cell layer (Fig 1b) whereas strong C/EBPb
immunoreactivity was detected in all layers of ORS below the SG
duet (Fig 1f). In the follicle bulb, intense C/EBPb immuno-
reactivity was detected in the nuclei of DP cells, whereas the
perifollicular CTS cells were negative. C/EBPb was also detected
in the ORS and in hair matrix cells adjacent to the DP (Fig 1j, see
arrowheads). Strong C/EBPb immunoreactivity was detected in the
nuclei of sebocytes of the SG (Fig 1n). The immunoreactivity
pattern for C/EBPd in the anagen hair follicle is shown in Fig 1(c,
g, k, o). C/EBPd immunoreactivity was detected through all
epithelial layers of the interfollicular epidermis and ORS and was
predominantly con®ned to the cell nuclei (Fig 1c, g). In the follicle
bulb, weak C/EBPd immunoreactivity was detected in the DP, a
subpopulation of CTS cells the IRS and ORS (Fig 1k). Like C/
EBPa and C/EBPb, C/EBPd was detectable in the sebocytes of
the SG (Fig 1o). The distribution of Gadd153 is shown in Fig 1(d,
h, l, p). Weak, predominantly perinuclear Gadd153 immuno-
reactivity was detected in all layers of the interfollicular epidermis
(Fig 1d). Intense immuno¯uorescence was detected cytoplasmi-
cally in dermal ®broblasts, CTS ®broblasts, and DP ®broblasts, and
the arrector pili muscle (Fig 1d, h, l), whereas immunoreactivity in
the ORS between the SG duct and follicle bulb was extremely
weak (Fig 1d, h). The cytoplasm of ORS close to the follicle bulb
was also positive for Gadd153, whereas the hair matrix cells were
negative (Fig 1l). In contrast to C/EBPa, C/EBPb, and C/EBPd,
Gadd153 was not detected in the SG (Fig 1p).
C/EBPa, C/EBPb, and C/EBPd display unique expression
patterns in murine skin during anagen VI, with
immunoreactivity for C/EBPa and C/EBPb different to
that in human anagen VI hair follicles The distribution of
C/EBPa, C/EBPb, and C/EBPd in the murine skin during anagen
VI is shown in Fig 2(a, b, c), respectively. C/EBPa immuno-
reactivity was found predominantly in the cytoplasm of cells in the
epidermis, interfollicular epidermis, and ORS; however, strong
nuclear staining was detected in the SG and DP (Fig 2a). This is
similar to the C/EBPa immunoreactivity pattern observed in
human anagen VI hair follicles, except that in murine hair follicles,
C/EBPa immunoreactivity in the DP is far stronger and the CTS is
negative (cf. Fig 1a, e, i, m with Fig 2a). In mouse epidermis,
C/EBPb immunoreactivity was only detected in the nuclei of a
subpopulation of suprabasal cells (Fig 2b). As in human skin,
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nuclear C/EBPb immunoreactivity was observed in the SG and
ORS (cf. Fig 1f, n with Fig 2b). In contrast the intense C/EBPb
immunoreactivity detected in human DP cells was not observed in
mice. Furthermore, unlike human hair follicles, strong nuclear
C/EBPb immunoreactivity could be detected throughout the
follicle bulb epithelium in mice (cf. Fig 1j with Fig 2b, j).
Figure 1. Immunohistochemical analysis reveals C/EBPa, C/EBPb, C/EBPd, and Gadd153 are located in speci®c cell populations of
the human hair follicle. The immuno¯uorescence patterns in the distal human hair follicle are shown for: C/EBPa (a); C/EBPb (b); C/EBPd (c);
Gadd153 (d). Immuno¯uorescence in the central region of the hair follicle (including the bulge) is shown for: C/EBPa (e); C/EBPb (f); C/EBPd (g);
Gadd153 (h). Immuno¯uorescence in the follicle bulb is shown for: C/EBPa (i); C/EBPb (j); C/EBPd (k); Gadd153 (l). Immuno¯uorescence in
the SG is shown for: C/EBPa (m); C/EBPb (n); C/EBPd (o); Gadd153 (p). Scale bars: (a, b, d) 180 mm; (c, e, f±h) 200 mm; (i, k) 100 mm; (j) 50 mm;
(l±p) 90 mm. Dashed line de®nes the location of the basement membrane when not clearly visible. (e) Arrows denotes intense immuno¯uorescence for
C/EBPa in the basal layer of the central ORS. (j) Arrows denote immuno¯uorescence for C/EBPb in the hair matrix cells adjacent to the DP and
ORS. Abbreviations: APM, arrector pilli muscle; E, epidermis; HC, hair canal; INF, infundibulum.
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C/EBPd expression was more widely distributed than C/EBPa or
C/EBPb. In skin during anagen VI, predominantly nuclear staining
was detected throughout the hair follicle (Fig 2c), which is
consistent with the expression pattern found in human anagen
hair follicles (Fig 1c, g, k).
Hair growth cycle-dependent changes in C/EBPa, C/EBPb,
and C/EBPd immunoreactivity patterns in murine skin In
rodents, synchronized hair cycling can be induced by depilation with
each cycle completed in approximately 20 d, providing an excellent
model to study the hair cycle (Paus et al, 1990). To investigate
whether the expression of C/EBP family members in the hair follicle
was hair cycle dependent, we studied the immunoreactivity patterns
of C/EBPa, C/EBPb, and C/EBPd at different stages of the
depilation-induced hair growth cycle in C57BL/6 mice (see
Materials and Methods). C/EBP immunoreactivity patterns at the
different stages of the hair growth cycle for C/EBPa, C/EBPb, and
C/EBPd are shown in Fig 2(a±o) and summarized in Table II.
Upon examination of expression patterns at different stages of the
murine hair growth cycle, it was apparent that C/EBPa immuno-
reactivity was hair cycle dependent (Fig 2d±g). In anagen I hair
follicles, virtually no immunoreactivity could be detected in the
epidermis or hair follicle (Fig 2d), although a subpopulation of cells
in the subcutaneous layer were positive (data not shown). In anagen
III hair follicles, immunoreactivity was detectable in the nuclei of
suprabasal cells in the infundibulum and SG (Fig 2e). In addition,
cytoplasmic immuno¯uorescence was observed in the bulge region
of the hair follicle and in the epidermis (Fig 2e). Weak
immuno¯uorescence was found in the DP of some hair follicles
(data not shown). During anagen VI, strong C/EBPa immuno-
reactivity was detected in the epidermis, ORS, and DP (Fig 2a, f).
Hair matrix cells adjacent to the stalk of the DP were also positive
(Fig 2f, see arrowheads). By catagen V, however immuno¯uores-
cence was once again absent in the DP, although C/EBPa
immunoreactivity was still detectable in the ORS (particularly the
central ORS) and in the epidermis (Fig 2g).
Hair cycle-dependent changes of C/EBPb immunoreactivity in
the skin were also observed (Fig 2h±k). At anagen I, virtually no
immunoreactivity was detected in the epidermis or hair follicle
(Fig 2h). During anagen III, C/EBPb immunoreactivity was
strong in the nuclei of a subpopulation of suprabasal epidermal
cells, in the infundibulum and in sebocytes (Fig 2i). By anagen VI
all epithelial cells in the bulb were strongly positive for C/EBPb, as
were most ORS cells in the distal hair follicle (Fig 2b, j). In
catagen V skin, nuclear C/EBPb immunoreactivity was virtually
absent from the epidermis and hair follicle, although a weak
cytoplasmic immuno¯uorescence was observed (Fig 2k).
In contrast to C/EBPa and C/EBPb, C/EBPd immuno-
reactivity was readily detectable at all stages of the hair growth
cycle examined (Fig 2l±o). Predominantly nuclear C/EBPd
immunoreactivity was detected in all cell layers of the epidermis,
hair follicle and SG (Fig 2c, l±o). Most cells in the dermis and a
subpopulation in the subcutaneous layer were also positive (Fig 2c,
l, o). Gadd153 expression was also examined during the murine
hair growth cycle (data not shown). Gadd153 immunoreactivity
was not found in the epidermis or hair follicle at anagen I, III, or
VI, or catagen V, with immuno¯uorescence con®ned to the
arrector pili muscle and blood vessels (data not shown). The
C/EBPb immunoreactivity pattern described was absent in anagen
skin from two separate strains of C/EBPb±/± mouse previously
described (Screpanti et al, 1995; Tanaka et al, 1997). The speci®city
of C/EBPd immunoreactivity was also con®rmed by its absence in
anagen skin sections from C/EBPd±/± mice (Tanaka et al, 1997).
DISCUSSION
In this study we have characterized the patterns of C/EBPa,
C/EBPb, and C/EBPd expression by immunohistochemistry, in
the human anagen hair follicle and at different stages of the murine
hair growth cycle. C/EBP family members play key parts in
differentiation, in¯ammatory responses, and gene regulation in
adipocytes, hepatocytes, and macrophages (for reviews see
Lekstrom-Himes and Xanthopoulos, 1998; Poli, 1998). We
speculated that C/EBPs are also important in the hair follicle, as
they have been implicated in keratinocyte terminal differentiation
and found to modulate the expression of genes important in the
hair cycle. In epidermal keratinocytes, C/EBPa and C/EBPb
upregulate the expression of differentiation markers involucrin and
keratins 1 and 10 (Agarwal et al, 1999; Maytin et al, 1999; Zhu et al,
1999). C/EBP family members also modulate the expression of
intercellular adhesion molecule-1 (Hou, 1994), interleukin-6
(Akira et al, 1990), insulin-like growth factor I (Nolten et al,
1994; Umayahara et al, 1999) and hepatocyte growth factor (HGF)
(Jiang and Zarnegar, 1997) in other tissues.
C/EBPa±/± mice have defects in adipose, liver, and lung tissue
development, and usually die shortly after birth, before the ®rst hair
cycle (Flodby et al, 1996). Mice that did survive for up to 4 wk (less
than 1%) suffered skin ¯aking, but did develop fur (Flodby et al,
1996). No gross abnormalities in skin or fur were described in
C/EBPb±/± or C/EBPd±/± mice that survive birth (Screpanti et al,
1995; Tanaka et al, 1997); however detailed analysis of the hair
phenotype of these C/EBPs knockout mice has not been
performed. As there is thought to be functional overlap between
C/EBP family members (Lekstrom-Himes and Xanthopoulos,
1998), compensatory effects from other C/EBPs may mask hair
follicle abnormalities in these knockout mice; e.g., an upregulation
in C/EBPa expression has been reported in the epidermis of
C/EBPb±/± mice (Maytin et al, 1999).
Dynamic changes in C/EBPa and C/EBPb immuno-
reactivity in the murine hair cycle, with differing
subcellular localization Some immunohistochemistry data
have already been published demonstrating C/EBPa and C/EBPb
expression in the human epidermis, although expression in the
human hair follicle was not reported (Maytin and Habener, 1998). In
mice, immunoreactivity in the epidermis has also been described
previously (Maytin and Habener, 1998; Oh and Smart, 1998;
Maytin et al, 1999). Furthermore, Maytin and Habener (1998)
reported that C/EBPb was expressed throughout the murine hair
Table I. Summary of C/EBPa, C/EBPb, C/EBPd, and Gadd153 immunoreactivity patterns in speci®c compartments of
human and murine anagen VI hair folliclesa
C/EBP
family member
ORS HM DP CTS SG
H M H M H M H M H M
C/EBPa ++ +++ + ± + +++ ± ± +++ ++
C/EBPb +++ +++ ++ +++ +++ ± ± ± +++ +++
C/EBPd +++ +++ + ++ ++ ++ + ++ +++ +++
Gadd153 + ±b ± ±b +++ ±b +++ ±b ± ±b
aComparison of relative immunoreactivity intensity from immuno¯uorescence patterns illustrated in Figs 1(a±p) and 2(a±c). H, human; HM, hair matrix; M, mouse.
±, no detectable immunoreactivity; +, weak immunoreactivity; ++, stronger immunoreactivity; +++, very strong immunoreactivity.
bData not shown.
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Figure 2. Immunohistochemical analysis into the localization of C/EBPa, C/EBPb, and C/EBPd in the murine hair follicle during the
depilation-induced hair growth cycle reveals hair growth cycle-dependent changes in C/EBPa and C/EBPb immunoreactivity. The
immuno¯uorescence patterns in murine skin during anagen VI are shown for: C/EBPa (a); C/EBPb (b); C/EBPd (c).Immunoreactivity for C/EBPa is
shown in the hair follicle during: anagen I (d); anagen III (e); anagen VI (follicle bulb) (f); catagen V (g). Immunoreactivity for C/EBPb is shown in the
hair follicle during: anagen I (h); anagen III (i); anagen VI (follicle bulb) (j); catagen V (k). Immunoreactivity for C/EBPd is shown in the hair follicle
during: anagen I (l); anagen III (m); anagen VI (follicle bulb) (n); catagen V (o). Scale bars: (a±c) 60 mm; (d, e, g±i, k±m, o) 50 mm; (f, j, n) 25 mm.
Dashed line de®nes location of the basement membrane when not clearly visible. (f) Arrows denote distinctive immuno¯uorescence for C/EBPa in
epithelial cells adjacent to the stalk of the DP. Abbreviations: B, bulge; E, epidermis; HM, hair matrix; INF, infundibulum.
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follicle epithelium and SG, which is consistent with our observations
in anagen VI hair follicles, although, contrary to our ®ndings, the
same authors also reported that Gadd153 was detected in murine hair
follicles, whereas no C/EBPa immunoreactivity was detected.
The epidermis of C57BL/6 mice also undergoes changes in a
hair growth cycle-dependent manner (Paus et al, 1998). We report
here that C/EBPa and C/EBPb immunoreactivity is not only hair
cycle dependent in the hair follicle, but hair cycle dependent in
the epidermis. Previous studies (Maytin and Habener, 1998; Oh
and Smart, 1998; Maytin et al, 1999) have not examined the
dependence of C/EBPa and C/EBPb expression on hair cycle
stage in the epidermis or the hair follicle. We also observed distinct
differences in the subcellular localization between hair follicle
compartments. Nuclear localization would be required for C/EBPs
to regulate transcription of their respective target genes, and
C/EBPb activity has previously been associated with nuclear
localization (Baer et al, 1998). Shuttling of C/EBPa and C/EBPb
between the cytoplasm and nucleus may therefore be a mechanism
by which their activity is regulated in cells within the hair follicle.
C/EBP expression in the hair follicle epithelium The
contrasting patterns of C/EBP expression in the follicle
epithelium may be related to terminal differentiation and C/EBP
target gene expression, as previously suggested in the epidermis
(Maytin and Habener, 1998; Oh and Smart, 1998; Maytin et al,
1999); however, our data suggest that C/EBPa, C/EBPb, and
C/EBPd are not restricted to the differentiating cell populations of
the follicle. As C/EBPs can homodimerize and/or heterodimerize
with each other (reviewed in Lekstrom-Himes and Xanthopoulos,
1998), changes in the relative levels of the respective homodimers
and heterodimers may facilitate alterations in C/EBP target gene
expression and in part determine the differentiation state of
epithelial cells within the follicle. We found C/EBPa expression
in the bulge region of both human and murine hair follicles, the
putative sites of follicular stem cells (Cotsarelis et al, 1990; Lyle et al,
1998). We have recently shown that the bulge region of human
hair follicles is also strongly positive for c-Myc immunoreactivity
(Bull et al, 2001). Despite c-Myc being a key factor in driving cell
proliferation (reviewed in Dang et al, 1999), this c-Myc-positive
bulge region is quiescent during late anagen, suggesting a growth
inhibitory pathway blocks c-Myc-driven proliferation. As C/EBPa
has previously been implicated in growth arrest (reviewed in
Lekstrom-Himes and Xanthopoulos, 1998), its expression in the
bulge region may help to block proliferation in these cells.
Moreover, C/EBPa and c-Myc reciprocally regulate the
expression of the growth arrest associated gene gadd45, with C/
EBPa promoting and c-Myc repressing its expression (Tao and
Umek, 1999).
C/EBPa, C/EBPb, C/EBPd, and Gadd153 expression in the
DP We report that speci®c C/EBP family members are expressed
in human DP cells. Gadd153 can heterodimerize with other
C/EBP members to block their sequence-speci®c DNA binding
and acts as a dominant negative inhibitor of C/EBP-dependent
gene regulation (reviewed in Lekstrom-Himes and Xanthopoulos,
1998). Gadd153 expression in human DP might suggest the ability
of C/EBPb and C/EBPd to regulate target gene expression in DP
cells is inhibited; however, Gadd153 immunoreactivity was
cytoplasmic, whereas C/EBPb and C/EBPd immunoreactivity
was predominantly nuclear, suggesting C/EBPb and C/EBPd are
still able to exert transcriptional control of target genes, although
Gadd153 may still have a regulatory role. Insulin-like growth factor
I and HGF gene transcription is directly upregulated by C/EBPb
and C/EBPd, through C/EBP consensus binding sites in the gene's
promoters (Liu et al, 1994; Nolten et al, 1994; Jiang and Zarnegar,
1997; Shen et al, 1997; Umayahara et al, 1999). Both insulin-like
growth factor I and HGF have been implicated in follicular growth
and cycling and are expressed in DP cells (reviewed in Blume-
Peytavi and Mandt, 1999; Philpott, 1999). We report C/EBPa,
C/EBPb, and C/EBPd are also expressed in DP cells and therefore
expression of HGF and insulin-like growth factor I may be
C/EBP-regulated within the follicular mesenchyme. HGF
immunoreactivity in the DP is hair cycle dependent in C57BL/6
mice. HGF immunoreactivity has been reported to be absent at the
onset of anagen, but present in DP cells in mid and late anagen,
becoming lost during catagen and remaining absent in telogen
(Lindner et al, 2000). This shows a close correlation with the
C/EBPa immunoreactivity pattern in the DP we have observed.
So far, only C/EBPb and C/EBPd have been reported to
upregulate HGF expression (Jiang and Zarnegar, 1997; Shen et al,
1997). As C/EBP family members are thought to have similar
consensus binding sites and overlap between target genes (Osada
et al, 1996), C/EBPa may regulate HGF expression in the murine
DP.
Are C/EBPa, C/EBPb, and C/EBPd key regulators of
differentiation and/or lipogenesis in the SG? C/EBPa and
Table II. Summary of C/EBPa, C/EBPb, and C/EBPd immunoreactivity patterns at different stages of murine hair
growth cyclea
C/EBP
family member
Hair follicle
compartment
Hair growth cycle stage
Anagen I Anagen III Anagen VI Catagen IIIb Catagen V
C/EBPa ORS ++ ± ++ +++ +++
HM ± ± ± ± ±
DP ± ± ±/+ +++ ++
CTS ± ± ± ± ±
SG + ± +++ +++ +++
C/EBPb ORS + ± ++ +++ ++
HM + ± ± +++ ++
DP ± ± ± ± ±
CTS ± ± ± ± ±
SG + ± +++ +++ ++
C/EBPd ORS ++ ++ ++ ++ ++
HM ++ ++ ++ ++ ++
DP ++ ++ ++ ++ ++
CTS ++ ++ ++ ++ ++
SG ++ ++ ++ ++ ++
aComparison of relative immunoreactivity intensity from immuno¯uorescence patterns illustrated in Fig 2(a±o). HM, hair matrix. ±, no detectable immunoreactivity; +,
weak immunoreactivity; ++, stronger immunoreactivity; +++, very strong immunoreactivity.
bData not shown.
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C/EBPb expression in the sebocytes of the SG has previously been
reported (Swart et al, 1997; Maytin and Habener, 1998). In addition
we have found C/EBPd expression in the SG. It has been
hypothesized that the mechanisms of sebocyte differentiation and
lipogenesis are similar to those in adipocytes (Rosen®eld et al,
1998). C/EBPa, C/EBPb, and C/EBPd are important factors in
the control of adipocyte differentiation and lipogenesis. C/EBPb
and C/EBPd play a part in the early stages of pre-adipocyte
differentiation, whereas subsequent expression of C/EBPa plays a
crucial part in the adipocyte terminal differentiation program
(reviewed in Darlington et al, 1998; Lane et al, 1999). Moreover,
C/EBPa has been reported to trans-activate the adipocyte speci®c
genes: stearoyl coenzyme A desaturase 1, 422/aP2, and GLUT4
(Christy et al, 1989; Kaestner et al, 1990). Stearoyl coenzyme A
desaturase 1 (a key enzyme in fatty acid synthesis) is also expressed
in the SG and plays an important part in normal pilosebaceous unit
function (Parimoo et al, 1999; Zheng et al, 1999). C/EBPs co-
operate with another transcription factor, peroxisome proliferator-
activated receptor-g, to drive adipocyte differentiation (reviewed in
Lowell, 1999). Peroxisome proliferator-activated receptor-g has
also been implicated in sebocyte differentiation and lipogenesis
(Rosen®eld et al, 1998; Rosen®eld et al, 1999). It is therefore likely
that C/EBPa, C/EBPb, and C/EBPd co-operate with peroxisome
proliferator-activated receptor-g to regulate sebocyte differentiation
and/or lipid metabolism, although functional studies are required to
examine this possibility.
CONCLUSIONS
We observed an apparent species difference in C/EBPa and
C/EBPb expression between human and mouse anagen VI hair
follicles, which may re¯ect species differences in which C/EBP
target genes are regulated. Furthermore, the spatial and temporal
expression patterns of C/EBPa and C/EBPb during the murine
hair growth cycle suggests C/EBP family members may regulate
hair cycle-dependent gene expression. In light of the role of
C/EBPa, C/EBPb, and C/EBPd in adipocytes, their expression in
the SG suggests they may also play a key part in sebocyte
differentiation. Therefore, functional studies are now required to
determine the precise roles C/EBP family members play in the hair
follicle.
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